Pyloric sphincter tone plays an important role in the regulation of gastric emptying. Non-adrenergic, noncholinergic (NANC) innervation to the pylorus is predominantly inhibitory and mediates relaxation of the sphincter (Anuras et al. 1974) . A high density of NOSimmunopositive nerve cells and fibres has been demonstrated in the pylorus (Ekblad et al. 1994) , and significant reduction of NOS activity of the pylorus has been demonstrated in infantile hypertrophic pyloric stenosis (Vanderwinden et al. 1992) . It has been shown that transgenic mice with homozygous depletion of the nNOS gene develop grossly enlarged stomachs with hypertrophy of the pyloric sphincter (Huang et al. 1993) . Thus, gastric outlet obstruction is associated with the lack of NO-generating neurons in the pylorus. Previous studies have shown that NO biosynthesis inhibitors delay Gastric distension-induced pyloric relaxation: central nervous system regulation and effects of acute hyperglycaemia in the rat 1. The pylorus plays an important role in the regulation of gastric emptying. In addition to the autonomic neuropathy associated with long-standing diabetes, acute hyperglycaemia per se has effects on gastric emptying. In this study, the role of the central nervous system in modulating the effects of hyperglycaemia on gastric distension-induced pyloric relaxation was investigated.
1. The pylorus plays an important role in the regulation of gastric emptying. In addition to the autonomic neuropathy associated with long-standing diabetes, acute hyperglycaemia per se has effects on gastric emptying. In this study, the role of the central nervous system in modulating the effects of hyperglycaemia on gastric distension-induced pyloric relaxation was investigated.
2. Gastric distension-induced pyloric relaxation was significantly reduced by subdiaphragmatic vagotomy, hexamethonium (20 mg kg
_1
) and N G -nitro-L-arginine methyl ester (L-NAME; 10 mg kg _1 ), a nitric oxide synthase (NOS) biosynthesis inhibitor, in anaesthetized rats. In contrast, neither splanchnectomy nor guanethidine (5 mg kg _1 ) had an effect.
3. An intravenous (I.V.) infusion of D-glucose (20 %) for 30 min, which increased blood glucose concentrations from 5.4 to 12.8 mM, significantly inhibited gastric distension-induced pyloric relaxation.
4. An intracerebroventricular (I.C.V.) injection of D-glucose (3 µmol) also significantly inhibited gastric distension-induced pyloric relaxation without affecting peripheral blood glucose concentrations.
I.V. infusion of D-glucose significantly elevated hypothalamic neuropeptide Y (NPY) concentrations.
6. Intracerebroventricular (I.C.V.) administration of NPY (0.03-3 nmol) and a Y1 receptor agonist, [leu 31 , pro 34 ] NPY (0.03-3 nmol), significantly inhibited gastric distension-induced pyloric relaxation in a dose-dependent manner.
7. I.C.V. administration of a Y1 receptor antagonist, BIBP 3226 (30 nmol), and of a NPY antibody (titre 1:24 000, 3 µl) abolished the inhibitory effects of hyperglycaemia on gastric distensioninduced pyloric relaxation.
8. Taken together, these findings suggest that gastric distension-induced pyloric relaxation is mediated via a vago-vagal reflex and NO release. Acute hyperglycaemia stimulates hypothalamic NPY release, which, acting through the Y1 receptor, inhibits gastric distensioninduced pyloric relaxation in rats exposed to acute elevations in blood glucose concentrations.
gastric emptying in rats (Plourde et al. 1994; Ishiguchi et al. 2000a ). These observations suggest NANC relaxation and gastric emptying in the pylorus is mediated by NO.
The relaxation of the pylorus following gastric distension is a crucial factor in expelling gastric contents to the duodenum. Although it has been well established that the motility of the pylorus is under vagal control (Allescher et al. 1988) , the mechanism of pyloric relaxation in response to gastric distension remains unclear.
Symptoms of gastroparesis include postprandial nausea, epigastric pain, burning, bloating, early satiety, excessive eructation, anorexia and vomiting (Webb & Fogel, 1995) . Although associated with many diseases, the most frequent cause of gastroparesis is diabetes mellitus. About one-half of patients with insulin-or non-insulin-dependent diabetes have delayed gastric emptying (Webb & Fogel, 1995) . Recent data suggest that not only autonomic neuropathy, but also hyperglycaemia per se, contribute to the pathogenesis of disordered gastric motility. Improved glycaemic control in diabetic patients is associated with improvements in delayed gastric emptying and its symptoms (Jones et al. 1995) , and acute hyperglycaemia has been shown to inhibit gastric acid production, trypsin secretion and bile salt output in response to a test meal in human volunteers (MacGregor et al. 1976; Lam et al. 1997) . Acute hyperglycaemia also causes a reversible impairment of motility in various regions of the gastrointestinal (GI) tract, including stomach (Barnett & Owyang, 1988 ), jejunum (de Boer et al. 1993 , colon (Chey et al. 1995) and gall bladder (Gielkens et al. 1998) .
The mechanisms by which acute hyperglycaemia impairs GI motility have not been elucidated. Impaired motility induced by acute hyperglycaemia does not result from reactive endogenous hyperinsulinaemia, because hyperinsulinaemia per se does not inhibit GI motility (Chey et al. 1995; Gielkens et al. 1997) . Gastric emptying is delayed in rat models of diabetes (Chang et al. 1997; Yamano et al. 1997) and in normal rats with acute elevations in blood glucose concentrations (Chang et al. 1996) . In these models, gastric emptying is delayed because of increased outflow resistance at the level of the pylorus, and in advanced diabetes in humans, improperly timed pyloric contractions of abnormal intensity and duration lead to pylorospasm and functional outlet obstruction (Mearin et al. 1986 ).
Insulin-dependent diabetes is characterized by marked hyperphagia and reduced thermogenesis. As the hypothalamus appears to be important in regulating food intake and energy balance, these energetic and neuroendocrine disturbances of diabetes may be mediated by changes in specific hypothalamic neurons and neurotransmitters. Neuropeptide Y (NPY), a 36-amino-acid peptide originally isolated from porcine brain, is present in high concentrations in the central nervous system, particularly in the hypothalamus, limbic brain regions, cerebral cortex and various brain stem nuclei (Humphreys et al. 1992) . NPY concentrations in the central hypothalamus are significantly increased in diabetic rats (Williams et al. 1988) , and hypoinsulinaemia increases hypothalamic NPY levels (Malabu et al. 1992) . Alteration of hypothalamic NPY levels, which has potent effects on hypothalamopituitary function (Humphreys et al. 1992) , may contribute to certain neuroendocrine disturbances in diabetes mellitus.
The aims of the present study are three-fold: (1) to investigate the neural mechanisms mediating the pyloric relaxation in response to gastric distension under euglycaemic conditions; (2) to investigate whether hyperglycaemia inhibits gastric distension-induced pyloric relaxation; (3) to test the hypothesis that the inhibitory effects of hyperglycaemia on gastric distension-induced pyloric relaxation involve actions of NPY in the central nervous system.
Using rats anaesthetized with ketamine and xylazine, we have demonstrated that: (1) gastric distension-induced pyloric relaxation is mediated via the vagus nerve and NO release from the myenteric plexus in euglycaemia; (2) acute hyperglycaemia significantly inhibits gastric distensioninduced pyloric relaxation; and (3) acute hyperglycaemia stimulates NPY release at the hypothalamus and that the inhibitory effects of hyperglycaemia on gastric distensioninduced pyloric relaxation are restored by central administration of NPY antibody and Y1 antagonist. These results suggest that the Y1 receptor subtype may play a dominant role in mediating hyperglycaemia-induced inhibition on pyloric relaxation. These observations may help to clarify the manner in which acute hyperglycaemia causes impaired gastric emptying.
METHODS

Animals
All animal experiments were carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Male Sprague-Dawley (SD) rats (body wt, 230-250 g) were maintained on a 12 h light-dark cycle (8:00-20:00) with free access to chow and water.
In vivo recording of pyloric relaxation Surgery. Rats were fasted overnight and anaesthetized with an intramuscular injection of xylazine and ketamine (13 mg kg _1 and 87 mg kg _1 , respectively). During the experiment, the depth of anaesthesia was checked by the pedal withdrawal (toe pinch) reflex every 60-90 min. If the pedal withdrawal reflex was observed, a supplemental dose of ketamine (30 mg kg _1 ) was administered to maintain adequate anaesthesia. Body temperature was maintained at 37°C with a heating pad. The stomach was exposed via a midline abdominal incision. A small incision was made on the stomach fundus and a balloon made from a latex condom (18 mm in diameter when inflated with 2.0 cc of air) was inserted into the antral lumen. A polyurethane catheter (0.6 mm i.d., 1.1 mm o.d.) was inserted into the jugular vein.
Recently, the authors' laboratory has successfully developed an extraluminal miniature strain gauge force transducer (6 mm w 3 mm) for recording pyloric motility in rats (Ishiguchi et al. 2000a) . In order to monitor circular muscle contractions, a transducer was sutured to the serosal surface of the pylorus along the circular muscle with 6-0 nylon, as previously described (Krowicki & Hornby, 1994; Ishiguchi et al. 2000) . Each transducer was calibrated before use. All rats used for the in vivo experiments had undergone the above surgical procedures. In groups of rats undergoing vagotomy, splanchnectomy, or spinal transections, these are described in the relevant subsections below.
Recording of pyloric motility. The transducers were connected to an amplifier and a computer (Macintosh G3). Bethanechol (40 µg kg
_1
) and sodium nitroprusside (50 µg kg _1 ) were administered in bolus fashion over a 10 s period as a direct muscle stimulant and a relaxant, respectively. The area under the curve of the pyloric motility following gastric distension was calculated by a computer-assisted system (Mac Lab; ADInstruments, Castle Hill, Australia) and expressed as a motility index in gram seconds (gs). In preliminary experiments, the pyloric relaxation evoked by gastric distension for 15 s was reproducible up to 8-10 times when applied every 20 min. Therefore, gastric distension was performed every 20 min and evaluated in triplicate and the mean value was used as a control.
Effect of vagotomy, splanchnectomy or spinal transection. To investigate whether gastric distension-induced pyloric relaxation is mediated via an extrinsic neural pathway, we performed vagotomy, splanchnectomy and spinal transection. As previously described (Takahashi & Owyang, 1999) , truncal vagotomy was performed by cutting the vagal trunks around the abdominal oesophagus. Splanchnic nerve sectioning was carried out by deflecting the stomach and spleen to the right side, which allowed identification of the nerves and coeliac ganglion. The nerves and coeliac ganglion were then carefully removed by fine forceps (Takahashi & Owyang, 1999) . The spinal cord was transected at the level of C7. Truncal vagotomy, splanchnectomy and spinal cord transection were performed 30 min before gastric distension. Gastric distension-induced pyloric relaxations before and after the operation were compared in each rat.
Effects of various neural blocking agents.
To investigate the possible involvement of the sympathetic neural pathway in the mediation of gastric distension-induced pyloric relaxation, guanethidine (1, 3 and 5 mg kg _1 , bolus) was intravenously (I.V.) infused 15 min before the experiment. To determine the role of presynaptic cholinergic neurons in the mediation of gastric distension-induced pyloric relaxation, hexamethonium (5, 10 and 20 mg kg _1 , bolus) was infused (I.V.) 15 min before the experiment, as previously reported (Takahashi & Owyang, 1999) . To determine the role of NO neurons in the pyloric myenteric plexus, L-NAME (1, 5 and 10 mg kg _1 , bolus) was infused (I.V.) 15 min before gastric distension, as previously reported (Takahashi & Owyang, 1999) .
We have previously shown that hexamethonium (20 mg kg _1 ) and L-NAME (10 mg kg _1 ) inhibited vagally stimulated pyloric motor responses (Ishiguchi et al. 2000a) . We have also shown that guanethidine (5 mg kg _1 ) significantly inhibited CCK 8-induced gastric relaxation (Takahashi & Owyang, 1999) . Gastric distensioninduced pyloric relaxations before and after the administration of various antagonists were compared in each rat. Only one antagonist was administered per rat.
Effect of hyperglycaemia.
As previously reported (DeFronzo et al. 1979 ), a hyperglycaemic clamp was performed to raise and maintain the blood glucose concentration acutely to 12-16 mM for 30-60 min. During D-glucose (20 %) infusion, blood glucose concentrations were measured by tail vein sampling using a glucose meter. Gastric distension-induced pyloric relaxation was compared between salineinfusion (euglycaemia) and D-glucose infusion (hyperglycaemia) in each rat.
Effect of electrical vagal stimulation.
To investigate whether hyperglycaemia affects vagal nerve-stimulated pyloric relaxations, the left vagus nerve was cut at the cervix and the distal end of vagus was electrically stimulated (10 V, 1 ms, 1-20 Hz). Pyloric relaxation in response to vagal stimulation was compared between euglycaemia and hyperglycaemia in each rat.
Effect of I.C.V. administration of D-glucose, NPY and related peptides. Rats were fasted overnight and anaesthetized with an intramuscular injection of xylazine and ketamine (see above). Rats were placed in a stereotaxic apparatus and a guide cannula made from 24-gauge stainless steel tubing was implanted in the right ventricle. One week after the operation, rats were fasted overnight and anaesthetized as above. As described above, a transducer was implanted on the serosal surface of the pylorus and a balloon was inserted into the antral lumen for gastric distension. A catheter was also inserted into the jugular vein.
Gastric distension-induced pyloric relaxation was first studied under I.C.V. injection of saline (3 µl In a separate experiment, rats received an I.C.V. injection of a purified polyclonal antibody raised against NPY (titre 1:24 000, without dilution; 3 µl) or BIBP 3226 (Y1 antagonist; 30 nmol (3 µl) _1 ) followed by an I.V. infusion of D-glucose for 30 min, and gastric distension-induced pyloric relaxation was studied. BIBP 3226 was dissolved in saline. Rats receiving I.C.V. injections of rabbit serum (3 µl) or saline (3 µl) served as controls.
At the end of the experiment, rats were killed by an I.V. infusion of pentobarbital (200 mg kg _1 ), and placement of the transducer on the pyloric muscle was confirmed under a dissecting microscope. The implantation site of I.C.V. cannulae was confirmed by the visualization after injection of a dye via the catheter.
Effect of I.V. administration of NPY. Gastric distension-induced pyloric relaxation was also studied under I.V. injection of NPY. NPY (3 nmol per rat, bolus) was injected 10 min before the gastric distension.
In vitro recording of pyloric relaxation
To investigate whether hyperglycaemia directly affects the activity of the myenteric plexus, we performed in vitro experiments on isolated pyloric muscle strips. Rats were fasted overnight and anaesthetized with an intramuscular injection of xylazine and ketamine (see above). As previously described (Soediono & Burnstock, 1994; Ishiguchi et al. 2000b) , pyloric muscle strips (10 mm w 2 mm) with whole muscle layers were suspended under a load of 1 g between two platinum electrodes in an organ bath filled with Krebs-Henseleit buffer (KHB). The KHB solution was continuously oxygenated with 95 % O 2 -5 % CO 2 and maintained at 37°C, pH 7.4. Mechanical activity was recorded on a polygraph through isometric transducers. Electrical field stimulation (EFS; 75 V, 1 ms, 1-20 Hz, for 30 s) was applied through the two platinum electrodes.
To investigate the neural pathways responsible for the NANC relaxations induced by EFS, atropine (10 _6 M) and guanethidine (10 _6 M) were added to the organ bath. Our recent study showed that NANC relaxations were significantly inhibited by L-NAME, suggesting the mediation by neuronal release of NO (Ishiguchi et al. 2000b ).
To investigate whether high glucose concentration affects NANC relaxations, these were compared with different glucose concentrations (5.6-27.8 mM) in the organ bath.
NPY radioimmunoassay (RIA)
After an overnight fast, rats received an I.V. infusion of saline or D-glucose for 30 min. Rats were killed by CO 2 inhalation. The hypothalamus was dissected en bloc from a frontal brain slice cut between the optic chiasm and the mammillary bodies. The hypothalamic block was quickly dissected, frozen in liquid nitrogen and homogenized. After centrifugation, the supernatant was processed for a radioimmunoassay (RIA) of NPY using a RIA kit (R&D, Peninsula, CA, USA). The protein content of the sample was measured, and the NPY levels were expressed as picograms per milligram of protein. Intra-and interassay coefficients of variation were 5.0 % and 9.4 %, respectively. 
Statistical analysis
All results are expressed as means ± S.E.M. Statistical analysis was performed by analysis of variance (ANOVA), Student's t test, or paired t test. P values of < 0.05 were considered significant.
RESULTS
Pyloric relaxation induced by gastric distension
In ketamine-and xylazine-anaesthetized rats, gastric distension for 15 s immediately provoked pyloric relaxation in a volume-dependent manner (1-3 ml) (Fig. 1) . The basal motility index of the pylorus was not significantly changed following the treatments with hexamethonium, guanethidine, vagotomy, splanchnectomy and spinal transection. Gastric distension (2 ml)-induced pyloric relaxation was significantly reduced by subdiaphragmatic vagotomy to 11.2 ± 4.2 % of controls (n = 4, P < 0.01 by paired t test) (Fig. 2) . Pre-treatment with hexamethonium (5, 10 and 20 mg kg _1 ) also significantly inhibited gastric distension-induced pyloric relaxation in a dose-dependent manner (Fig. 2 and Table 2 ). The largest effect was observed with 20 mg kg _1 of hexamethonium, which reduced gastric distension-induced pyloric relaxation to 7.0 ± 2.1 % of controls (n = 5, P < 0.01 by paired t test). Hexamethonium (20 mg kg _1 ) temporarily increased mean arterial blood pressure from 97 ± 4 to 110 ± 4 mmHg 30 s after the administration, and it returned to basal level 5 min after the administration. Guanethidine (5 mg kg _1 ) had no significant effects on mean arterial blood pressure ( Table 1) .
As previously reported (Ishiguchi et al. 2000a) , I.V. infusion of L-NAME (10 mg kg _1 ) temporarily increased basal pyloric motility but returned to basal levels within 10 min. Mean arterial blood pressure was increased from 90 ± 5 mmHg to 130 ± 16 and 114 ± 13 mmHg, 5 and 15 min after the administration of L-NAME, respectively (Table 1) . Gastric distension-induced pyloric relaxation was significantly reduced 15 min after the administration of L-NAME (1, 5 and 10 mg kg _1 ) in a dose-dependent manner ( Fig. 2 and 
Figure 1
A, gastric distension (1-3 ml) and sodium nitroprusside (SNP; 50 µg kg _1 , I.V.)-induced pyloric relaxation in rats. Gastric distension for 15 s immediately provoked pyloric relaxations in a volume-dependent manner (1-3 ml) . B, gastric distension (1-3 ml)-induced pyloric relaxation was calculated as a percentage of relaxation of sodium nitroprusside (50 µg kg _1 )-induced pyloric relaxation in each rat. The bars beneath the traces indicate balloon distension (1-3 ml) (n = 4). observed with 10 mg kg _1 of L-NAME, which reduced gastric distension-induced pyloric relaxation to 11.2 ± 2.4 % of controls (n = 5, P < 0.01 by paired t test).
In contrast, gastric distension-induced pyloric relaxation was not affected by spinal cord transection or guanethidine (1, 3 and 5 mg kg _1 ) and was slightly reduced by splanchnectomy to 66.4 ± 6.7 % (n = 4, P < 0.05 by paired t test) (Fig. 2 and Table 2 ).
Gastric distension-induced pyloric relaxation in hyperglycaemia Gastric distension-induced pyloric relaxation was compared between I.V. saline infusion (euglycaemia) and I.V. D-glucose infusion (hyperglycaemia) in each anaesthetized rat. I.V. infusion of D-glucose for 30 min increased plasma glucose levels from 5.4 ± 0.5 to 12.8 ± 1.2 mM (n = 9). The motility index of spontaneous contractions was not significantly
Figure 2
Gastric distension (2 ml)-induced pyloric relaxation following vagotomy (A), L-NAME (B), hexamethonium (C), C7 spinal cord transection (D), splanchnectomy (E) and guanethidine (F). Gastric distension-induced pyloric relaxation was significantly inhibited by vagotomy, L-NAME and hexamethonium. In contrast, gastric distension-induced pyloric relaxation was not affected by spinal cord transection or guanethidine and was slightly reduced by splanchnectomy (* P < 0.05, ** P < 0.01 by paired t test). The bars beneath the traces indicate balloon distension (2 ml). affected by 30 min of D-glucose infusion (5813 ± 408 g s in euglycaemia and 6493 ± 664 g s in hyperglycaemia, respectively); however, gastric distension-induced pyloric relaxation was significantly reduced by hyperglycaemia to 28.7 ± 6.2 % of that in euglycaemia (n = 5, P < 0.01 by paired t test) ( Fig. 3A and E) . In contrast, an I.V. infusion of mannitol (20 %) for 30 min did not affect gastric distensioninduced pyloric relaxation (Fig. 3B) .
It has been demonstrated that an I.C.V. injection of D-glucose (3.6 µmol per rat) induces the suppression of feeding in rats (Singer & Ritter, 1996) . In the present study, gastric distension-induced pyloric relaxation was also compared between an I.C.V. injection of saline (3 µl; control) and D-glucose (3 µmol (3 µl) _1 ) in each rat. An I.C.V. injection of D-glucose, which had no significant effect on peripheral blood glucose concentrations, significantly reduced gastric distension-induced pyloric relaxation to 33.1 ± 5.4 % of control (n = 5, P < 0.01 by paired t test) ( Fig. 3C and E) . In contrast, an I.C.V. injection of L-glucose (inactive form of glucose; 3 µmol (3 µl) _1 ) had no effect on gastric distensioninduced pyloric relaxation (Fig. 3D) . First, gastric distension was performed every 20 min and evaluated in triplicate and the mean value was used as a control. Gastric distension-induced pyloric relaxations were again studied in the presence of hexamethonium (5, 10 and 20 mg kg _1 ), guanethidine (1, 3 and 5 mg kg _1 ) and L-NAME (1, 5 and 10 mg kg _1 ) in each rat. The degree of gastric distension-induced pyloric relaxations was compared between control experiment and antagonist study in each rat. Only one dose of each antagonist was administered per rat. All values are means ± S.E.M., ** P < 0.01 by paired t test.
Electrical stimulation (10 V, 1 ms) of the distal end of the cervical vagus produced pyloric relaxation in a frequency-dependent manner (1-20 Hz) ( Fig. 4A and B) . Pyloric relaxation in response to vagal stimulation was significantly reduced by D-NAME (10 mg kg _1 ), as previously reported (Ishiguchi et al. 2000a) . Vagal stimulation-induced pyloric relaxation was not affected by an I.V. infusion of D-glucose for 30 min (Fig. 4A) . Vagal stimulation-induced pyloric relaxation was also not affected by an I.C.V. injection of D-glucose (3 µmol (3 µl) _1 ) (Fig. 4B) .
In vitro recording of pyloric relaxation
An in vitro study showed that relaxation of the pyloric muscle strips induced by electrical transmural stimulation (75 V, 1 ms, 1-20 Hz) was not affected by increasing concentrations of glucose (5.6, 13.9 and 27.8 mM) in the organ baths (Fig. 4C) . _1 ), also significantly inhibited gastric distension-induced pyloric relaxation to 34.4 ± 8.2 % of control (n = 5, P < 0.05 by paired t test). In contrast, NPY 3-36 (3 nmol per rat) significantly enhanced gastric distension-induced pyloric relaxation to 172.8 ± 20.2 % of control (n = 5, P < 0.01 by paired t test) (Fig. 5) ] NPY and NPY 3-36 on gastric distension-induced pyloric relaxation were dose dependent (0.03-3 nmol) (Fig. 6) . NANC relaxation in response to EFS was also not affected by various concentrations of glucose (5.6, 13.9 and 27.8 mM) in the organ bath (n = 3).
Effects of I.C.V. injection of NPY on gastric distension-induced pyloric relaxation
In a separate experiment, I.V. administration of NPY (3 nmol per rat) immediately caused phasic contractions of the rat pylorus but had no effects on gastric distensioninduced pyloric relaxation (Fig. 7) . Therefore, the effects of NPY on gastric distension-induced pyloric relaxation were not due to non-specific leakage of the I.C.V.-administered NPY into the systemic circulation.
Effects of Y1 antagonist on the inhibitory effects of hyperglycaemia on pyloric relaxation
It has been shown that I.C.V. injections of NPY antiserum (2 µl) (Borisova et al. 1991 ) and a selective Y1 antagonist, BIBP 3226 (0.25-25 nmol) (Morgan et al. 1996) , inhibit NPY-induced feeding in rats. Polyclonal NPY antibody (without dilution; 3 µl) and BIBP 3226 (30 nmol (3 µl) _1 ) had no effects on the spontaneous pyloric motility in hyperglycaemic rats. The inhibitory effect of hyperglycaemia on gastric distension-induced pyloric relaxation was not observed following I.C.V. injections of NPY antibody and BIBP 3226. The impaired pyloric relaxation in response to gastric distension observed in hyperglycaemia (28.7 ± 6.2 % of control) was significantly improved to 124.2 ± 10.5 and 179.5 ± 24.9 % of control by I.C.V. injections of polyclonal NPY antibody (3 µl) and by ] NPY (3 nmol (3 µl) _1 ) significantly reduced gastric distension-induced pyloric relaxation (n = 5). In contrast, NPY 3-36 (3 nmol (3 µl) _1 ) significantly enhanced gastric distension-induced pyloric relaxation (n = 5, * P < 0.05, ** P < 0.01 by paired t test). NPY, [leu 31 , pro 34 ] NPY and NPY 3-36 (3 nmol (3 µl) _1 ) were administered 30 min before gastric distension. The bars beneath the traces indicate balloon distension (2 ml). _1 per rat) significantly inhibited gastric distension-induced pyloric relaxation in a dose-dependent manner (n = 4). In contrast, NPY 3-36 (0.03-3 nmol (3 µl) _1 per rat) significantly enhanced gastric distension-induced pyloric relaxation in a dose-dependent manner (n = 4, * P < 0.05, ** P < 0.01 by ANOVA).
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BIBP 3226 (30 nmol (3 µl) _1 ), respectively (n = 4, P < 0.01, by Student's t test) and was not affected by injection of normal rabbit serum (3 µl, Fig. 8) . I.C.V. administration of NPY antibody and BIBP 3226 had no effect on gastric distension-induced pyloric relaxation in euglycaemic rats (105.6 ± 12 and 109.8 ± 13.5 % of control, respectively; n = 3).
NPY concentration in the hypothalamus during hyperglycaemia I.V. infusion of D-glucose for 30 min resulted in plasma glucose concentrations of 13.7 ± 1.2 mM (n = 9). The concentration of NPY in the hypothalamus was significantly increased to 3323 ± 164 pg (mg protein) _1 (n = 9) in rats receiving I.V. infusions of D-glucose, compared with that in rats receiving saline alone (1560 ± 182 pg (mg protein) _1 , n = 8, P < 0.01 by Student's t test). A significant correlation was observed between hypothalamic NPY and blood glucose concentrations (r = 0.683, P < 0.01, n = 12; Fig. 9 ).
DISCUSSION
Traditionally, disordered motility in diabetes mellitus has been attributed to irreversible autonomic nerve damage (Keshavarzian et al. 1987) . However, recent observations indicate that hyperglycaemia causes a reversible impairment of motility in various regions of the GI tract (Barnett & Owyang, 1988; Fraser et al. 1991) . It has been shown that gastric emptying is delayed in diabetic rats (Chang et al. 1997; Yamano et al. 1997 ) and normal rats with hyperglycaemia (Chang et al. 1996) . These observations suggest that hyperglycaemia itself has an inhibitory effect on gastric emptying.
Figure 7
Effects of I.V. injection of NPY (3 nmol per rat) on gastric distension-induced pyloric relaxation. I.V. injection of NPY immediately caused phasic contractions of the rat pylorus but had no effects on gastric distension-induced pyloric relaxation. NPY was injected 10 min before gastric distension. The bars beneath the traces indicate balloon distension (2 ml).
Figure 8
A, effects of I.C.V. injections of saline, rabbit serum, NPY antibody and BIBP 3226 on gastric distensioninduced pyloric relaxation in hyperglycaemic rats. B, the reduced pyloric relaxation observed in hyperglycaemia was significantly improved by NPY antibody (NPY ab; 3 µl) or BIBP 3226 (30 nmol (3 µl) _1 ) (n = 4) (** P < 0.01 by Student's t test). Saline, rabbit serum, NPY antibody and BIBP 3226 were administered 30 min before gastric distension. The bars beneath the traces indicate balloon distension (2 ml).
The antral pump and pyloric opening are of paramount importance for gastric emptying of solids. Large solid particles are retained in the stomach by pyloric closure and are retropelled and triturated in the antral mill (Minami & McCallum, 1984) . In the emptying state, strong antral contractions are regularly associated with inhibition of pyloric motility. Abnormal pyloric motility has been demonstrated in diabetes and hyperglycaemia in humans (Mearin et al. 1986) , and it has been proposed that stimulation of localized pyloric contractions and inhibition of antral contractions contribute to the delayed gastric emptying induced by hyperglycaemia (Fraser et al. 1991) . In the present study, we investigated the effects of hyperglycaemia on the pyloric relaxation in response to gastric distension in rats anaesthetized with xylazine and ketamine.
Gastric distension-induced pyloric relaxation was significantly reduced by vagotomy, suggesting mediation by the vagus nerve. In contrast, gastric distensioninduced pyloric relaxation was not affected by spinal cord transection or guanethidine and only slightly reduced by splanchnectomy. As it has been shown that some vagal fibres pass to the duodenum and stomach along with sympathetic fibres in the mesenteric nerves (Richards et al. 1996) , the inhibitory effects of splanchnectomy on gastric distension-induced pyloric relaxation may be due to the partial damage of vagal fibres around the coeliac ganglia.
Vagal afferent fibres arise in the mucosa or muscle layer of the GI tract. These afferent receptors transmit sensory information to the central nervous system and play an important role in the vago-vagal reflex. It has been generally accepted that tension receptors are located in the serosa/muscle layers, and chemoreceptors are located in the mucosa (Grundy, 1988) . Gastric distension activates vagal afferent fibres. Grundy (1988) has demonstrated that gastric distension provokes the firing of vagal afferents and Traub et al. (1996) have shown that gastric distension promotes c-Fos expression at the nucleus of the solitary tract, a centre of vagal afferents.
In the present study, gastric distension-induced pyloric relaxation was significantly reduced by hexamethonium and L-NAME. We have reported that pyloric relaxation in response to electrical stimulation of vagal efferents is significantly reduced by L-NAME and almost completely abolished by hexamethonium (Ishiguchi et al. 2000a) . These findings suggest that pyloric relaxation is under the control of NO release from the myenteric plexus. Our present study suggests that gastric distension-induced pyloric relaxation is mediated predominantly via a vagovagal reflex. It is also suggested that the release of NO from the myenteric plexus mediates gastric distensioninduced pyloric relaxation.
Intravenous infusion of D-glucose significantly inhibits gastric distension-induced pyloric relaxation (Fig. 3A) . This effect was not due to hyperosmolarity, since I.V. infusion of mannitol did not have any effect (Fig. 3B) . In contrast, vagal stimulation-induced pyloric relaxation is not affected by hyperglycaemia. Similarly, NANC relaxation of the pylorus is also not affected by increasing concentration of glucose in vitro. These results suggest that the site of action of hyperglycaemia is neither the vagal efferent nor the myenteric plexus. Furthermore, inhibitory effects on gastric distension-induced pyloric relaxation were observed following an I.C.V. injection of D-glucose, suggesting that the inhibitory effect of hyperglycaemia is mediated via the central nervous system. Glucose-sensitive neural elements exist in the hypothalamus and the nucleus of the solitary tract (Oomura & Yoshimatsu, 1984) . In the ventromedial hypothalamic nucleus, approximately 40 % of cells responded to changes in blood glucose over a range of concentrations from 3.6 to 17 mM, by increasing their firing rate with increasing concentrations of glucose (Silver & Erecinska, 1998) .
NPY binding sites are seen in a variety of areas, including cortex, hypothalamus, pons and medulla oblongata. Results from binding studies have characterized six distinct subtypes of receptors. Two of these, Y1 and Y2, are both found in large quantities in the dorsal vagal complex (DVC) of the medulla. Y1 and Y2 receptors are found both pre-and post-junctionally in the nervous Correlation between blood glucose level and hypothalamic NPY concentration following I.V. infusion of D-glucose. Infusion of D-glucose for 30 min showed plasma glucose concentrations of 13.7 ± 1.2 mM (n = 9). The concentration of NPY was significantly increased to 3323 ± 164 pg (mg protein) _1 (n = 9) in rats receiving D-glucose, compared with that in rats receiving saline (1560 ± 182 pg (mg protein) _1 , n = 8, P < 0.01 by Student's t test). There was a significant correlation observed between NPY and blood glucose concentrations (r = 0.683, P < 0.01, n = 12).
system (Humphreys et al. 1992; Penner et al. 1993; Chen et al. 1997; Yoneda et al. 1998) . Aramakis et al. have shown that NPY, Y1 and Y2 agonists produce multiple effects (increased, decreased and biphasic changes) on single neuron discharge rates in the paraventricular nucleus in vitro (Aramakis et al. 1996) . Intracerebroventricular injection of both Y1 and Y2 agonists suppress growth hormone secretion in rats (Suzuki et al. 1996) . I.C.V. injection of NPY and Y1 agonist has been shown to decrease basal gastric acid output in anaesthetized rats, suggesting that gastric acid output is mediated by NPY via the Y1 receptor (Penner et al. 1993) . In contrast, other investigators have demonstrated that I.C.V. injections of NPY increase basal and mealstimulated gastric and pancreatic secretion in conscious dogs (Geoghegan et al. 1993 ).
Microinjection of NPY and a Y1 agonist into DVC increased bile secretion in a dose-dependent manner in anaesthetized rats, while microinjection of a Y2 agonist inhibited bile secretion (Yoneda et al. 1998) . Chen et al. have shown that a Y2 agonist applied to the DVC suppressed gastric motility in thyrotropin-releasing hormone (TRH)-stimulated conditions, while the agonist had no effects on gastric motility under basal conditions. In contrast, a Y1 agonist had no effect on TRHstimulated gastric motility, while the Y1 agonist strongly stimulated gastric motility under basal conditions ). There appears to be different effects following either stimulation or inhibition of NPY receptor subtypes (Y1 and Y2), depending on species, tissues and anaesthesia.
It remains unclear which NPY receptor subtypes regulate pyloric relaxations in rats. Our study has shown that I.C.V. injections of NPY and a Y1 agonist significantly inhibited gastric distension-induced pyloric relaxation. In contrast, an I.C.V. injection of a Y2 agonist significantly enhanced gastric distension-induced pyloric relaxation. This suggests that Y1 and Y2 receptor subtypes mediate inhibitory and excitatory effects on gastric distensioninduced pyloric relaxation, respectively.
In the present study, it is possible that I.C.V. injections of NPY may have inhibited gastric distension-induced pyloric relaxation by non-specific leakage of the injected NPY into the systemic circulation. In order to address this possibility, we studied gastric distension-induced pyloric relaxation with systemic I.V. administration of NPY. Intravenous administration of NPY (3 nmol per rat) immediately caused phasic contractions of the rat pylorus. A previous study has shown that peripheral administration of NPY (500 pmol kg _1 ) increased duodenal and colonic intraluminal pressure in rats (Wager-Page et al. 1993) . It is suggested that the stimulatory effects of systemic NPY on GI motility were mediated by postjunctional mechanisms (Wager-Page et al. 1993) . Systemic NPY administration caused pyloric contractions but had no effect on gastric distension-induced pyloric relaxation, and therefore, the effects of NPY in this regard appear to be mediated through its actions on the central nervous system.
Williams and colleagues have demonstrated that NPY concentrations in the hypothalamus are significantly increased within 3 weeks of sustained hyperglycaemia in streptozotocin (STZ)-induced diabetic rats, and elevated concentrations of NPY in the hypothalamus in diabetic rats have been suggested to be responsible for diabetic hyperphagia (Williams et al. 1988 ). The present study demonstrates that NPY concentrations in the hypothalamus were also significantly increased following acute hyperglycaemia in rats.
In the present study we have also shown that I.C.V. administration of NPY antibody and of the Y1-selective antagonist BIBP 3226 abolishes the inhibitory effects of hyperglycaemia on gastric distension-induced pyloric relaxation. These data therefore suggest that the Y1 receptor subtype may play a dominant role in mediating hyperglycaemia-induced inhibition of pyloric relaxation.
It is concluded that hyperglycaemia stimulates NPY release in the hypothalamus and inhibits vagal activity via the hypothalamic NPY Y1 receptor in anaesthetized rats. Reduced vagal efferent activity in the setting of acute hyperglycaemia decreases release of NO from the myenteric plexus and results in impaired pyloric relaxation and delayed gastric emptying.
The present study suggests that the hyperglycaemia associated with diabetes mellitus may have acute effects on gastric emptying. These effects are in part mediated by the actions of NPY in the central nervous system. The deleterious effects of hyperglycaemia on gastric motility emphasize the importance of rigorous metabolic control in the management of diabetes.
